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Rhesus  primates  were  exposed  to  150-Mev  proton  irradiate,  at  11  rads  per 
minute.  After  exposure,  the  animals  were  observed  for  clinical  changes  and  mortality. 
Hematologic  studies  were  performed  up  to  80  days  after  exposure.  The  LD50/30  was 
found  to  be  669  rads.  On  the  basis  of  acute  median  lethal  dose,  mean  survival  time, 
clinical  observations,  and  blood  cell  depression,  an  RBE  of  unity  was  assigned  when 
comparing  the  150-Mev  proton  exposures  with  2-Mev  x-ray  exposures.  A  decrease 
in  median  lethal  dose  was  noted  with  lowered  dose  rate  when  proton  exposures  at 
67  rads  per  minute  and  11  rads  per  minute  were  compared. 


CORRECTION 


("Early  Effects  of  150-Mev  Proton  Irradiation  in 
Rhesus  Monkeys,"  by  Joseph  E.  Traynor  and  Alan  M, 
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EARLY  EFFECTS  OF  150-MEV  PROTON  IRRADIATION  IN  RHESUS  MONKEYS 


I.  INTRODUCTION 

The  present  study  is  an  evaluation  of  the 
early  effects  of  150-Mev  proton  irradiation  de¬ 
livered  at  11  rads  per  minute  to  rhesus  mon¬ 
keys.  The  results  of  this  study  are  to  be 
compared  with  data  obtained  in  previous 
studies  using  2-Mev  x-rays  delivered  at  11  rads 
per  minute  (1)  and  138-Mev  protons  at  57  rads 
per  minute  (2). 

II.  MATERIALS  AND  METHODS 

Ninety-six  rhesus  primates  (Macaca  mulat¬ 
to.)  were  used  in  this  study;  there  were  52 
males  and  44  females.  Through  a  random 
process  of  selection,  a  group  of  80  animals 
was  divided  into  six  dose-level  groups  of  10  to 
15  animals  each  for  use  in  the  determination 
of  the  LD5n/3o.  A  second  group  of  16  animals 
was  divided  into  four  dose-level  gioups  of 
4  animals  each.  The  latter  were  used  to  study 
the  hematologic  effects  only  and  were  not  in¬ 
cluded  in  the  calculations  of  median  lethal  dose. 

The  synchrocyclotron  of  the  National  Aero¬ 
nautics  and  Space  Administration’s  Space  Ra¬ 
diation  Effects  Laboratory'  (NASA-SREL) 
was  used  as  the  source  of  protons.  An  alumi¬ 
num  and  lead  double  degrader  configuration 
was  used  to  degrade  the  nominal  300-Mev 
proton  beam  to  obtain  the  desired  spatial  dis¬ 
tribution  and  energy  of  the  external  beam  for 
the  animal  exposures. 

The  animals  were  placed  17.5  feet  from  the 
( yclotron  beam  exit  port.  At  this  position,  the 
r  patial  distribution  of  the  beam  was  uniform 
within  ±  6%  over  a  vertical  distance  of  38  cm. 
The  proton  beam  was  extremely  stable;  the 


center  of  the  beam  did  not  vary  over  1  cm.  in 
any  direction.  A  variable-volume  ionization 
chamber  was  used  for  remotely  measuring  the 
relative  intensity  of  the  flux.  Flux  values  were 
measured  with  a  Faraday  cup,  and  dose  calcula¬ 
tions  were  made  using  tabulated  values  of  the 
mass  stopping  power  for  muscle  (3).  The 
final  energy  was  146.8  Mev  with  an  assigned 
error  of  ±:  3%.  The  dose  values  were  accurate 
within  ±  6%  for  all  primates.  Complete 
dosimetry  details  are  given  elsewhere  (4). 

The  animals  were  placed  individually  in 
galvanized  wire-mesh  cylinders  (40  cm.  long 
and  15  cm.  in  diameter) .  These  cylinders  were 
rotated  in  the  proton  beam  at  2  r.p.m.  during 
the  exposures. 

Just  prior  to  the  exposures,  a  few  of  the 
animals  developed  symptoms  of  loss  of  appetite 
and  diarrhea.  These  animals  were  removed 
from  the  experiment.  Stool  cultures  performed 
on  one  of  the  animals  subsequently  proved  to 
be  positive  for  Shigella.  As  a  prophylactic 
measuie,  all  animals  were  given  1  gm.  of  neo¬ 
mycin  by  way  of  a  stomach  tube,  followed  the 
next  3  days  by  100  mg.  Chloromycetin  given 
intramuscularly. 

The  animals  in  the  group  studied  for 
hematologic  effects  were  bled  by  femoral 
venipuncture  prior  to  irradiation  and  on  3,  8, 
11,  16,  22,  30,  45,  and  80  days  after  exposure. 
Hematologic  studies  included  total  leukocyte 
counts,  leukocyte  differential  analysis,  platelet 
counts,  and  microhematocrits. 

During  the  30  days  after  exposure,  all  of 
the  animals  were  observed  twice  daily  for 
clinical  changes  and  mortality.  Necropsies 
were  performed  on  the  dead  animals. 
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TABLE  I 

Summary  of  the  mortality  data 


Dose 

(rads) 

Number  of 
animals 

Number  dead 
in  30  days 

Mortality  in 

30  days  ( % ) 

Mean  survival  time  of 
nonsurvivors  (days) 

000 

10 

10 

100 

10.7 

775 

15 

12 

80 

12.9 

660 

15 

5 

33.3 

17.2 

525 

15 

2 

13.3 

16.7 

400 

14 

1 

7.1 

18 

275 

9 

0 

0 

— 

III.  RESULTS 

An  LD50/3o  of  669  rads  with  95%  confidence 
limits  of  616  to  727  rads  was  calculated  by 
probit  analysis  (5)  from  the  mortality  data 
summarized  in  table  I.  The  equation  for  the 
regression  is: 


Y  =  0.2087  +  0.00728X 

where  Y  is  in  probits  nnd  X  is  in  rads.  The 
chi-square  for  the  regression  heterogeneity  is 
2.552  with  4  degrees  of  freedom.  This  is  not 
significant  at  the  .05  level. 

The  median  lethal  dose  of  this  study  is 
very  close  to  the  LD„„/3o  of  674  rads  after 
2-Mev  x-irradiation  at  the  same  dose  rate  of 
11  rads  per  minute  (1).  The  slope  of  the 
probit  regression  line  from  the  150-Mev  proton 
study  was  compared  with  the  slope  of  the 
2-Mev  x-ray  probit  line.  The  two  lines  do  not 
differ  significantly  at  the  .05  level;  that  is, 
the  slopes  are  not  different  and  the  LC5o/3o’s 
are  not  different. 

A  similar  comparison  was  made  between 
the  150-Mev  proton  irradiation  at  11  rads  per 
minute  and  the  138-Mev  proton  irradiation  at 
57  rads  per  minute.  The  LD^o/ao  of  the  138- 
Mev  proton  study  was  528  rads.  At  the  .05 
level  of  significance,  the  slopes  of  the  probit 
regression  lines  do  not  differ;  however,  the 
LD-.(,/3o’s  do  differ  significantly  at  the  .05  level 
oi  significance. 

In  figures  1  and  2,  the  times  of  death  after 
t  ie  150-Mev  proton  irradiation  are  compared 
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FIGURE  1 

Daily  mortality  after  irradiation  with  150-Mev 
protons  and  S-Mev  x-rays.  Both,  exposures  were  per¬ 
formed  at  a  dose  rate  of  11  rads  per  minute. 

with  results  of  the  previous  studies  using 
2-Mev  x-irradiation  and  the  higher  dose  rate, 
138-Mev  proton  irradiation. 
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The  hematologic  data  are  tabulated  in 
tables  II  to  IV.  For  comparison,  the  neutrophil 
and  lymphocyte  blood  levels  are  shown  in 
figures  3  and  4  with  similar  dose  levels  ob¬ 
served  in  the  other  2-Mev  x-ray  and  138-Mev 
proton  studies.  The  extent  of  the  depression 
of  these  blood  elements  was  similar  in  all  three 
studies. 

Clinically,  the  animals  exhibited  moderate 
malaise  with  depression  of  appetite  during  the 
first  few  days  after  irradiation.  By  the  end 
of  the  first  postirradiation  week,  the  animals 
given  a  higher  dose  became  obviously  sick. 
They  sat  hunched  in  their  cages  and  developed 
symptoms  of  loss  of  appetite  and  diarrhea. 
Death  began  to  occur  in  the  900-  and  775-rad 
groups  on  the  8th  day  after  exposure.  About 
the  12th  day  after  exposure,  hemorrhagic 
diathesis  became  evident  with  the  appearance 
of  dermal  petechiae  and,  in  some  cases,  patches 
of  ecchymoses.  Except  for  one  650-rad  animal, 
no  deaths  occurred  after  the  20th  day  post¬ 
exposure.  On  the  basis  of  the  clinical  observa¬ 
tions  reported  in  previous  irradiation  studies, 
the  course  of  the  animals  in  this  study  was  as 
anticipated.  There  was  nothing  to  suspect  that 
these  animals  were  suffering  any  ill  effects 
from  a  possible  colitis. 

The  histopathologic  results  are  of  special 
interest.  All  animals  dying  within  the  30-day 
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FIGURE  2 

Daily  mortality  after  irradiation  with  150-Mev 
protons  at  11  rads  per  minute  and  138-Mev  protons 
at  57  rads  per  minute. 


TABLE  II 
Total  white  count 


Days  after  irradiation 


22 


Dose 
*rouP  I  Baseline 


Control 
275  rads 
400  rads 
525  rads 
A 
S* 

N-S* 


Entries  are  the  average  counts,  per  cubic  millimeter,  of  4  animats  (except  the  survivor  and  nonsurvivor  subdivisions  of  the  525-rad 
group ) . 

A  —  All  aniimtla.  S  Survivors.  N-S  “  Nonsurvivora. 

•Two  animals. 


3 

8 

11 

16 

10,125 

10,057 

9,650 

11,495 

0,825 

3,283 

2,975 

3,699 

6,725 

2,497 

2,675 

3,003 

3,300 

2,037 

2,125 

2,693 

3,600 

2,295 

2,300 

2,693 

3,000 

1,778 

1,950 

— 
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TABLE  III 
Neutrophils 


Dose 


Days  after  irradiation 


group  j 

[  Baseline 

j 

*) 

1 

8 

11 

16 

22 

30 

|  45 

! 

! 

Control  ! 

, 

1,948 

1 

i 

5,190 

3,228 

2,091 

3,163 

i 

2,227 

3,332 

{ 

2.302 

4,293 

275  rads  ! 

2,784 

3,605 

1,633 

716 

1,212 

3,722 

5,294 

7,592 

400  rads  j 

3,465 

4,757 

1,262 

1,113 

1,222 

1 

3,295 

6,794 

14,306 

5,845 

525  rads 

t 

i 

i 

i 

A 

2,472 

1,575 

750 

557 

431 

7,584 

6,562 

: 

8,136 

3,684 

S’ 

2,261 

1 

1,773 

80S 

286 

431 

7,584 

6,562 

8,1.. 

3,684 

’ 

N-S* 

,  . 

2,183 

_ J 

1,377 

691 

827 

— — 

— 

[ 

Entrie*  are  the  average  count*,  per  cubic  millimeter,  of  4  an*'  ’'.Is  (except  the  survivor  and  noniurvjver  eut  !  —isiont  of  (he  625-rad 
froupt . 

A  All  animal*.  S  =:  Survivors  N-S  —  NcnmrvivorB. 

“Two  animal*. 


TABLE  IV 
Lymphocytes 


Do.ii’ 


Days  after  irraciiat.  ' 


8T<’u; 

1  Jafieline 

i 

i 

i -  '  ' 

8 

11 

16 

22 

30 

!  45 

80 

Control 

7,561 

i 

i  . 

J  6,068 

i  6,649 

7,076 

7,900 

7,769 

6,371 

7,845 

7,948 

275  rads 

1 !  ,020 

1 

3,136 

1,750 

2,254 

2,42" 

5,860 

8,758 

3,112 

9,941 

400  rad3 

8,499 

.  905 

1,229 

1,543 

1,760 

i 

6,711 

4,922 

8,203 

6,996 

525  rtAdfl 

1 

A 

8,998 

1 .656 

!  ,807 

1,573 

2,208 

15,642 

11,194 

8,079 

11,935 

S* 

11,223 

•  ,  .19 

1,637 

2,003 

2,208 

16,642 

11,194 

8,070 

11,936 

N-S’ 

6,773 

1,594 

; _ i 

1,076 

L 

1,142 

— 

— 

Eritnea  are  the  average  pe*  cubic  millimeter,  of  4  animal*  (exempt  the  •  urvivor  and  nonaurvivor  aubdt vision*  of  the  626-rad 

inm  i' ' 

A  All  animal*  S  .-urvivora  N-S  Nonaurvivoiv 
*T wii  An  ■  m*la 
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FIGURE  3 


[flood  neutrophil  levels  after  irradiation,  comparing  the  r«p  w  of  150-Mev  protons  and  S-Mev 
x-rays  at  11  rads  per  minute  and  ISS-Mev  protons  u<  .57  rads  per  minute. 


postirradiation  period  exhibited  severe  hypo¬ 
plasia  of  the  bone  marrow  and  lymphoid  tissue. 
Critical  evaluation  of  the  colon  was  made  in 
view  of  a  possible  intercurrent  Shigella  infec¬ 
tion.  Of  the  animals  dying  in  the  acute  period 
after  exposure,  50‘T  had  some  degree  of  acute 
colitis  consistent  with  shigellosis.  All  the  cases 
of  colitis  were  found  in  the  900-,  775-,  and 
650-rad  groups. 


IV.  DISCUSSION 

Previous  reports  from  this  laboratory  have 
suggested  an  RBE  close  to  unity  for  various 
proton  exposures ;  however,  the  dose  rates 
varied  considerably  from  experiment  to  experi¬ 
ment.  The  effect  of  dose  rate  on  acute  mor¬ 
tality  is  evident  when  the  LDiw)/3o  of  this  study 
with  proton  irradiation  at  11  rads  per  minute 
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525  RADS 
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500  RADS 


150  MEV  PROTONS 
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FIGURE  4 

Blood  lymphocyte  levels  after  irradiation,  comparing  the  response  of  150-Mrv  protons  and  2-Mev 
x-rays  at  11  rads  per  minute  and  138-Mcv  protons  at  57  rads  per  minute. 


is  compared  to  the  LJ\<>  3»  of  a  previous  proton 
study  at  57  rads  per  minute.  The  difference 
in  T'ortality  appears  to  occur  without  any 
marxed  differences  in  the  extent  of  blood  cell 
depression ;  however,  the  recovery  of  the 
peripheral  blood  cel!  levels  is  somewhat  delayed 
at  the  higher  close  rate. 

With  the  present  study,  it  is  possible  to 
compare  the  biologic  effects  of  a  proton  irradia¬ 
tion  with  an  x-irradiation  which  involved  the 
same  animal  species,  experimental  technics, 
and  dose  rates.  In  the  latter  comparison,  the 
biologic  effects  were  f  >und  to  be  almo  '  a 
c<  .apiece  duplication  after  150-Mev  proton  or 
2-Mev  x-ray  exposures.  Thus,  on  the  basis  of 
acute  median  lethal  dose,  mean  survival  time, 
clinical  observation.,,  and  blood  cell  depression, 
an  kBE  of  be  assigned. 

The  intercurrent  colitis  and  the  course  of 
antibiotic  treatment  in  the  present  study  must, 
not  be  overlooked.  The  clinical  course  of  the 


animals  in  the  postirradiation  period  suggested 
that  the  spread  of  the  colitis  had  been  checked ; 
however,  the  histopathologic  examinations  in¬ 
dicated  that  this  was  not  true.  In  the  group 
studied  for  hematologic  effects,  the  dramatic 
increase  in  the  white  blood  cell  counts  in  s<  ne 
pf  the  animals  after  the  third  postirradiation 
Week  could  possibly  be  a  reflection  of  added 
hematopoietic  stimulation  due  to  infectious 
organisms. 

It  could  be  suggested  that  the  original 
bacterial  infection  was  subciinical  and,  along 
with  the  antibiotic  treatment,  the  infection 
was  all  but.  eliminated.  After  exposures,  the 
stress  incurred  by  the  irradiation  could  have 
allowed  a  few  remaining  bacteria,  which  nor¬ 
mally  would  not  have  been  a  problem,  to  get 
the  upper  hand  in  those  animals  which  had 
precarious,,,  low  blood  counts.  Since  the  colitis 
was  observed  histopathwiogieaHy  in  the  animals 
given  the  highest  exposure  doses,  one  could 
speculate  that  these  animals  would  have  died 
anyway.  It  is  interesting  to  note  that  the 
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blood  cell  counts  in  the  control  hematology 
group  remained  very  constant.,  thus  indicating 
that  bacterial  infection  waa  not  a  problem  in 
these  animals. 

The  remarkable  thing  about  this  study  has 
been  the  very  close  parallel  between  .  ie  find¬ 
ings  of  this  study  with  proton  irradiation  and 


the  findings  of  the  study  using  2-Mev  x-ray3 
at  the  same  dose  rate-  The  authors  conclude 
that  there  is  virtually  no  difference  in  the  acute 
biologic  manifestations  after  either  2-Mev 
x-irradiation  or  150-M.ev  proton  irradiation  at 
a  dose  rate  of  II  rads  per  minute.  It  is  also 
concluded  that  a  dose-rate  effect  on  acute 
mortality  after  proton  irradiation  does  exist. 
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